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ABSTRACT: The properties and function of an anionic con-
jugated polyelectrolyte (CPE)-containing ion-conducting
polyethylene oxide pendant (PFpgoCO,Na) as electron injec-
tion layers (EILs) in polymer light-emitting diodes (PLEDs)
are investigated. A primary goal was to design a CPE structure
that would enable acceleration of the device temporal response
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through facilitation of ion motion. Pristine PLEDs containing PFproCO,Na exhibit luminance response times on the order of tenths
of seconds. This delay is attributed to the formation of ordered structures within the CPE film, as observed by atomic force
microscopy. Complementary evidence is provided by electron transport measurements. The ordered structures are believed to slow
ion migration within the CPE EIL and hence result in a longer temporal response time. It is possible to accelerate the response by a
combination of thermal and voltage treatments that “lock” ions within the interfaces adjacent to PFpp0CO,Na. PLED devices with
luminance response times of microseconds, a 10° fold enhancement, can therefore be achieved. Faster luminance response time
opens up the application of PLEDs with CPE layers in display technologies.

B INTRODUCTION

Polymer light-emitting diodes (PLEDs)" composed of con-
jugated polymer semiconductors are an attractive emerging
technology with potential advantageous features unavailable to
inorganic counterparts, such as mechanical flexibility and solu-
tion processability. Charge injection plays a vital role in the
device operation and performance. Balanced injection and
transport of holes and electrons are necessary to increase the
probability of hole/electron recombination and thereby increase
light output. PLED devices can be fabricated with stable high
work function anodes leading to little or no hole injection
barriers; however, the use of stable high work function cathodes
normally leads to devices with large electron injection barriers.
Therefore, environmentally unstable low work function metals
that require device encapsulation, such as barium and calcium,”
or devices with multilayer structures,” are required.

Conjugated polyelectrolytes (CPE) containing a 7r-deloca-
lized backbone and pendant ionic functionalities have recently
received attention due to their effective function as electron
injection layers (EILs) in PLEDs," allowing the use of stable high
work function metal cathodes such as Al, Au, and Ag.4b CPEs are
soluble in polar solvents, thus allowing the fabrication of multi-
layer PLEDs using solution processing techniques, such as spin-
coating and printing, by altering the solvent polarity of each
succeeding layer, including the metal cathode,4f with no inter-
facial mixing.” The operating mechanism for the reduction of
electron injection barriers is believed to be a combination of the
formation of permanent interfacial dipoles between the cathode
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and the CPE, " and ion migration under an applied electric field,
leading to redistribution of the internal field within the CPE EIL.”
Although the performance of PLEDs with CPE EILs/Al cathodes
are comparable to devices with Ba cathodes having no electron
injection barrier, the devices can exhibit long turn-on times
attributed to slow ion migration.” Luminance response times in
the order of seconds can be observed in PLEDs with CPE EILs,
thus hindering application in display technologies. Thus, it is
important to tune the chemical structure of CPE EIL to facilitate
ion migration and hence improve the luminance response time.

This work focuses on the control of ion motion to improve the
device response time by using CPE EILs with poly(ethylene
oxide), PEO, unit. In this contribution, an anionic CPE
(PFppoCO,Na in Scheme 1) containing substituents derived
from PEQ is investigated as an EIL in test bed PLEDs containing
poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene  vinylene)
(MEH-PPV) as the emissive layer. PEO units have been shown
to facilitate ion transport leading to increased ionic con-
ductivities® and have been implemented in light-emitting elec-
trochemical cells (LECs)” and in solid-state batteries.'® Thus,
PEO units were incorporated into the side groups in hope of
facilitating ion motion and presumably reducing the luminance
response time. In contrast to what has been observed in LECs,
the use of PFproCO,Na as ElLs in PLEDs leads to longer
luminance response times than other CPE EILs with alkyl
substituents. However, the response times can be reduced
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Figure 1. (a) ] versus V (open symbols), L versus V (solid symbols),
and (b) LE versus | plots of ITO/PEDOT:PSS/MEH-PPV/PFpgq.
CO,Na/Al (green circles) and ITO/PEDOT:PSS/MEH-PPV/Ba/Al
(black squares) devices.

substantially from seconds to microseconds (us) using a combi-
nation of thermal annealing and applied bias treatment to control
the distribution of ions within the PFproCO,Na layer.

B EXPERIMENTAL SECTION

PFproCO,Na was synthesized according to a previous reported
procedure."" Differential scanning calorimeter (DSC) characterization
was performed on a TA Instrument Q20 calorimeter with aluminum
DSC pans. Samples were prescanned to remove any residual volatiles,
and the second cycle of the DSC scan is reported. Film morphology and
film thicknesses were measured by atomic force microscopy (AFM) using
a commercial scanning probe microscope (MultiMode with a Nanoscope
Controller ITTa, Veeco Inc.). All scanning probe measurements were
performed under a dry N, atmosphere. Silicon probes with a spring
constant of ~5 N/m and a resonant frequency of ~75 kHz (Budget
Sensors) were used for tapping AFM measurements. Films thicknesses
were controlled by varying the spin speed and solution concentration.

For device fabrication, indium tin oxide (ITO) substrates (Thin Film
Devices, Inc.) were cleaned by successive rinsing and ultrasonic treat-
ment in water, acetone, and isopropyl alcohol and then drying in an oven
for 1 h. The substrates were treated with UV/O; prior to polymer
solution deposition. PLED devices with a ITO/PEDOT:PSS/MEH-
PPV/PFproCO,Na/Al architecture were fabricated by first spin-coating
a ~100 nm PEDOT:PSS (Baytron P 4083, Bayer AG.) onto a clean
ITO-coated glass followed by drying at 150 °C for 1 h. PEDOT:-
PSS is poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate). Sub-
sequently, a 60 nm MEH-PPV emissive layer was deposited from a
0.5% g/mL toluene solution at 1500 rpm. The PFproCO,Na EIL was
then spin-coated from a 0.5% g/mL 3:7 (v:v) water:methanol solution at
3000 rpm yielding a ~20 nm film. The films were then dried under a
vacuum (10~¢ Torr) for 12 h before thermal evaporation of the Al
cathode electrodes. Reference devices ITO/PEDOT:PSS/MEH-PPV/
Ba/Al without an electron injection barrier between the cathode
electrode and the MEH-PPV emissive layer were also fabricated for
comparison. All fabrication and testing were performed inside a N,
atmosphere glovebox.

For PLED temporal response measurements, a +3.2 V square voltage
pulse was applied to devices by using a Keithley 4200 pulse generator.

Scheme 1. Chemical Structures of PFpgCO,Na and MEH-
PPV, Energy Levels, and the PLED Device Architecture

MEH-PPV D_;_/—/
—0 n

® e

Ba
246V STV
306V
43eV
ATV — Al
3 Ue —
PEDOT:PSS o BIeY

PEDOT:PSS MEH-PPV pF,_ CO,Na

The luminance signal collected from a photodetector (Thorlabs, Inc.)
was measured with a current preamplifier (Stanford Research Systems,
model SRS70) and a digital oscilloscope (Tektronix) with a 20 us
resolution. Measurements were preformed with a single voltage
pulse, necessary for accurate luminance response time measurements
since continual application of voltage pulses leads to faster temporal
responses after each succeeding pulse in all CPE devices due to slow ion
relaxation.

For electron transport measurements, electron-only diodes were
fabricated by spin-coating (900 rpm for 60 s) relatively thick PFpgo.
CO,Na films (120 nm) onto thermally evaporated Al-coated glass
substrates, followed by thermal evaporation of Ba (~S nm) and Al
(~100 nm) using a shadow mask. Electrical measurements were
performed with stepped-pulse voltage scans to reduce ion motion,
which can lead to modification of injection barriers in these mixed
electronic/ionic charge conducting systems.**'* Voltage measurements
were performed with S00 ms off-times and S ms on-times for step pulsed
voltage scans.

Electroabsorption experiments were done on the electroabsorption
spectrometer using a Keithley 236 source measure unit and a SRS DS345
function generator to provide the d.c. and a.c. electric fields to the device.
The ac bias used was 1.5 Vpeak-to-peak at 1500 Hz. A 75 W zenon arc-lamp
is used as the light source. The details of the experimental setup has been
published elsewhere.'

B RESULTS AND DISCUSSION

Scheme 1 shows the chemical structures of PFppoCO,Na and
MEH-PPV, together with the PLED configuration. PFpgoCO,-
Na consists of a polyfluorene-phenylene-conjugated polymer
backbone, tethered PEO chains with carboxylate substitutents,
and sodium counterions, a combination that was anticipated to
enhance migration of the mobile countercations. The PLED
structure used in this study to test the function of PFpgoCO,Na
is ITO/PEDOT:PSS/MEH-PPV/PFpp,CO,Na/Al. MEH-PPV
was chosen as the electroluminescent layer because of its
extensive previous characterization in PLED devices.'* Reference
devices without an electron injection barrier (ITO/PEDOT:
PSS/MEH-PPV/Ba/Al) were also fabricated for comparison.
These devices have no electron injection barrier at the Ba/MEH-
PPV interface because of a work function energy of Ba (~2.7 eV)
lower than the lowest unoccupied molecular orbital (LUMO)
energy of MEH-PPV (~3.0 eV)."?

The current density, luminance versus voltage (J—V and
L—V), and luminance efficiency versus current density (LE—])
characteristics of the PLEDs fabricated in our studies are shown
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Figure 2. Temporal response of Jand L foraITO/PEDOT:PSS/MEH-
PPV/PFproCO,Na/Al device operated with a +-3.2 V constant applied
bias.

in Figure 1. Devices with PFproCO,Na and Al exhibit excellent
performance, as indicated by a low luminance turn-on voltage
(3 V at 1 Cd/m?), high luminance at low bias (9000 Cd/m” at
6V), and luminance efficiencies higher than that of the reference
ITO/PEDOT:PSS/MEH-PPV/Ba/Al device (1.4 Cd/A versus
0.9 Cd/A at 200 mA/cm”). The device performance of PFpgo-
CO,Na is comparable to other efficient CPE ElLs,’ indicating its
effective function in PLEDs.

Despite the effective overall function of PFpgoCO,Na as an
EIL, the devices exhibit relatively long luminance response times,
which we define as the time when the luminance reaches 50% of
its maximum value. From time response measurements obtained
by operating devices at a constant +3.2 V (Figure 2), and moni-
toring ] and L, a luminance response time of ~46 s was
calculated, much longer than observed in other CPEs (~9 s)
under similar luminance output and EIL thickness (~20 nm).>
The long response time observed in PLEDs with CPE EILs is
believed to be due to slow ion migration within the CPE EIL.”>*
The longer luminance response time observed here with a
PFproCO,Na EIL indicates a further reduction in ion migration,
which was unanticipated on the basis of extensive precedent of
increased ionic conductivity promoted by PEO.®

PEO units are known to substantially increase ion conductiv-
ity of positive charge ions in films by a combination of ion
diffusion along the chains and ion hopping between chains.'®
Critical to this process is the phase of the material. Films must be
in a liquid/rubbery state above the glass transition temperature
(Tg) of the PEO chains, allowing the flexibility and motion of
chains to facilitate ion movement between transport sites.'® DSC
measurements of PFproCO,Na powders show several thermal
transitions. Scans performed at a rate of 5 °C/min from —80 °C
to 4200 °C and back to —80 °C show a glass transition at —10 °C,
followed by two endothermic peaks at 75 and 180 °C (Figure 3).
These signals approximately correspond to the glass transition
(~—65 °C) and melting transitions of pure (~60 °C) and ion
complex (~170 °C) of PEO chains reported in the literature.'”
Since the PLEDs described here operate at room temperature (or
higher), which is above the T, of PFpgoCO,Na, faster ion
motion should be observed. However, the device response time
is longer. It is possible that spin-casting PFproCO,Na from the
polar water:methanol medium may lead to films with high levels
of crystallinity or ordered structures in which ion migration is
inhibited.

To investigate the possible contribution of the solid-state
structure in PFpgoCO,Na films on the relatively long luminance
response time observed, the film morphology was investigated by
atomic force microscopy (AFM) as a function of processing his-
tory. These studies were motivated by previous reports on how
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Figure 3. DSC plot of PFpoCO,Na.

thermal treatment'® and solution concentration'® can be used to
enhance order in polymer films. Figure 4 shows topographic and
phase images of the as-cast and annealed PFproCO,Na surfaces
collected from areas between the Al cathodes. Figure 4a and 4b
shows topographic images of as-cast and annealed PFproCO,Na
surfaces containing circular features (bright regions). The film
thickness of the CPE layer atop the MEH-PPV layer is around 20
nm as measured by AFM. There was no significant change in the
film thickness upon thermal annealing. Annealing the device at
80 °C above the melting temperature (Ty,) of PFppoCO,Na and
then cooling the device to room temperature or increasing the
PFproCO,Na concentration leads to a larger number of these
features. We assign these large features to aggregated particles,
which can be confirmed by the phase images. Phase imaging
detects different tip—sample interactions arising from different
physical properties within a film such as amorphous and crystal-
line domains.”® The phase images of PFpgoCO,Na surfaces
show different degrees of aggregation or order structures de-
pending on processing conditions. The phase image of the as-cast
PFproCO,Na surface shows interpenetrating fiber-like nano-
structures (Figure 4d). The phase contrast observed leads us to
believe that the PFproCO,Na surface consists of amorphous and
ordered or crystalline domains. Upon thermal annealing, the
ordered structures increase in size with most of the film surface
covered with connected fiber-like nanostructures and large
domains with substructures (Figure 4e). Thus, the AFM results
confirm that the degree of film crystallinity increases by thermally
annealing above the T, determined by DSC followed by cooling
to room temperature. Additional evidence of crystallization in
PFproCO,Na films is observed by casting films from higher
concentration solutions. Films cast from 1.5% g/mL solutions
exhibit longer fibers on the surface than that of films cast at the
lower concentrations used for device fabrication (0.5% g/mL);
see Figure 4c. The film thickness is around 120 nm. This
observation agrees with previous reports that increasing solution
concentration promotes polymer chain interactions leading to
higher crystallinity in polymer films."?

To further support the high degree of order in PFpgoCO,Na
films, the electron mobility was measured. Ordered aggregation
results in stronger electronic coupling between conjugated
polymer chains, which is generally accepted to lead to higher
charge carrier mobilities. Thus, the electron mobility of PFpgo-
CO,Na was expected to be higher than those of less crystalline
anionic CPEs without PEO units. Electron mobility measure-
ments were performed using electron-only diodes®" fabricated
by sandwiching PFpgoCO,Na films (120 nm) between an
Al substrate and evaporated Ba/Al top electrodes. The relative
low work function of the Al and Ba electrodes in comparison to
the lowest unoccupied molecular orbital energy of PFproCO,Na
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Figure 4. AFM topographic (a, b, and c) and phase (d, e, and f) images of PFproCO,Na surface collected between Al electrodes (a, d) before and (b, e)
after annealing at 80 °C and PFproCO,Na film cast from a higher concentration (¢, f). The size of images a, b, d, and e is 1 #um X 1 um, and the size of

images c and fis 2 yum X 2 ym.
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Figure S. ] versus V plot of PFproCO,Na electron-only diodes with
fitted line.

ensures electrons as the majority injected charge carriers. These
measurements were performed with a high frequency stepped
pulse voltage sweep at a frequency faster (5 ms) than ion mig-
ration (~0.1 s to 100 s)***? to reduce ion migration to the elect-
rode interface in the CPE**'? to form electrical double layers*
that lead to Iight-emitting electrochemical behavior (LEC) in
CPE films.'>? Figure 5 shows the J—V plots of PFpgoCO,Na
electron-only devices and the fitted line to the space-charge-
limited-current (SCLC) model from which electron mobility can
be extracted.'>*'
9 v?
1= et 1)

In eq 1, & is the vacuum permittivity, €, is the relative
dielectric constant of the film, x is the mobility at a specified
electric field, Vis the applied voltage, and L is the thickness of the
active layer. A good fit of the J—V measurement and eq 1 was
observed, and an electron mobility of 2.1 x 103 cm?/V s was
extracted, approximately 2 orders of magnitude larger than the
mobility of a similar anionic CPE without appended PEO sub-
stituents.*® The crystalline or ordered structures in PFppoCO,-
Na films induced by aggregation of the PEO substituents leads to
the higher electron mobility. Crystallinity in ionic conducting
polymers, however, is known to impede ion transport.®' %717
Thus, these results provide a plausible explanation for the
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Figure 6. Current density versus time plot of the PLED during the ion
“locking” procedure.

observed longer temporal response times of PFproCO,Na
devices.

To facilitate ion transport and accelerate the PLED response
time, we first thermally annealed the device at temperatures
above T, while applying a small bias (Vapphed < Von) and then
cooled the device rapidly while still under an applied bias to
“freeze” or “lock” the ions at the PFpgoCO,Na/Al and MEH-
PPV/PFpgoCO,Na interfaces. Subsequent operation of the
device requires minor or no further ion transport to the inter-
faces, hence leading to faster luminance temporal responses. The
J of a PLED device during this procedure is shown in Figure 6. A
+3.2 V bias was first applied to the device at 80 °C until a
maximum ] value was reached, an indication of ion accumulation
at the interfaces, followed by rapid cooling to room temperature
by removing the device under bias from the heating source.

The J—V, L—V, and LE—] plots of the devices with and
without the heat/bias treatment are shown in Figure 7. Both
devices have similar L (10 000 Cd/m? and 6000 Cd/m?) and LE
(1.4 Cd/A and 1.2 Cd/A) values. However, the luminance turn-
on voltage drops from 2.8 to 2.0 V in devices with heat and bias
treatment (red triangles), possibly due to the presence of an
interfacial dipole locked in the heat/bias treated device. The
slight drop in L and LE values is attributed to the heat treatment,
which may adversely affect the morphology and emission proper-
ties of the MEH-PPV layer.'**
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Figure 7. (a) J versus V (open symbols), L versus V (solid symbols)
and (b) LE versus | plots of ITO/PEDOT:PSS/MEH-PPV/PFpgq.
CO,Na/Al with (red triangles) and without (green circles) “locked”
ions and ITO/PEDOT:PSS/MEH-PPV/Ba/Al (black squares) refer-

ence devices.

Luminance versus time measurements of devices with (red
triangles) and without (green circles) “locked” ions measured at
+3.2 V shown in Figure 8 show a luminance response time of
~200 us in devices with “locked” ions (red triangles), a greater
than 10° fold enhancement in luminance response times relative
to as-cast (~46 s) devices (Figure 8b). Annealing the devices at
40 and 60 °C while 4-3.2 V is applied also improves the response
times to 300 ms and 9 s, respectively (Figure S1, Supporting
Information). To confirm that the faster response time is due to
the “locked” ions, we performed electroabsorption spectroscopy
to probe the internal electric field of the ITO/PEDOT:PSS/
MEH-PPV/PFproCO,Na/Al and the ITO/PEDOT:PSS/
MEH-PPV/AI reference device. If ion motion takes place, the
ions are then redistributed within the ETL to screen the electric
field in the emitting layer at applied biases greater than the built-
in field of the device."* The built-in voltages, defined as the
voltage as which the electric field is zero, for the ITO/PEDOT:
PSS/MEH-PPV/PFproCO,Na/Al and the reference device are
very similar (1.46 and 1.39 V, respectively). Below voltages of 1.5
V, the EA signal varies linearly and crosses the x-intercept at 1.46
V. At voltages greater than 1.46 V, the electroabsorption signal
remains ~0, confirming that the electric field in the emissive layer
is screened. However, this is not the case for the reference device
where the electroabsorption signal is negative at voltages greater
than 1.39 V (Figure S2, Supporting Information). Thus, the
faster response time is due to the “locked” ions.

The reversibility of these devices, important for long-term
applications, was also studied. The performance of devices with
“locked” ions remained unchanged after one week, exhibiting
luminance response times similar to that from the initial condi-
tions (Figure 8). Possibly, there is a large activation barrier for
ions to move in crystalline PFpgoCO,Na film at room tempera-
ture. The long response time in devices was also found to be
restored only upon annealing above T, for over 20 min under no
applied bias (black diamonds). Annealing the device again above
T,, without an applied bias is believed to melt the crystalline
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Figure 8. (a) Luminance temporal response measurements of ITO/
PEDOT:PSS/MEH-PPV/PFpp5CO,Na/Al devices without “locked”
ions (green circles) and with “locked” ions measured on the same day
(red triangles), 1 week after fabrication (blue squares), and annealing
without an applied bias (black diamonds). (b) Close-up of response
measurements at shorter time scales.

domains, allowing ions to equilibrate back to a charge-compen-
sating state homogenously distributed throughout the PFpgo-
CO,Na layer. This ion redistribution only takes place during the
annealing process where the polymer is in the melt state.

B CONCLUSION

An anionic CPE, PFpgoCO,Na, containing PEO substituents
was investigated as an EIL in PLEDs in an effort to improve the
luminance temporal response of devices, which is limited by the
time it takes for ions to redistribute in response to the applied
field. Surprisingly, a much longer response time of 46 s was
observed. Thus, the presence of the ethylene oxide units on
PFpgoCO,Na was found not to improve the luminance response
times of as-cast PLEDs, despite previous precedent in LECs
where PEO is mixed to better accommodate ion motion.” We
have shown that PFproCO,Na exhibits crystalline or ordered
structure in film, as observed by AFM and supported by electron
transport measurements. This observation may originate from
the complex structure of CPEs which consists of a rigid hydro-
phobic backbone and hydrophilic side groups. However, by
taking advantage of the thermal properties of PFproCO,Na
films in combination with an applied voltage treatment to “lock”
ions at the EIL interfaces, the device turn-on time can be
substantially reduced from 46 s to 200 us. Hence, efficient
multilayer solution-processable PLEDs with stable high work
function cathodes and fast luminance response time can be
achieved. The faster luminance temporal response opens the
possibility of using CPE injection layers not only in lighting
applications but in display technologies as well.

B ASSOCIATED CONTENT

© Ssupporting Information. Luminance temporal response
measurements of devices without “locked” ions processed at differ-
ent temperatures and the electroabsorption results. This material is
available free of charge via the Internet at http://pubs.acs.org.
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